Photoreactive moieties were incorporated into nascent polypeptides in a wheat germ protein-synthesizing system by using a plasmid-derived preprolactin mRNA and a Lys-tRNA analog, N6-(5-azido-2-nitrobenzoyl)Lys-tRNA (EANB-Lys-tRNA). The presence of the abnormally large amino acid side chains in the nascent chains did not impair function: complete preprolactin chains were synthesized in the absence of the signal recognition particle (SRP), elongation was arrested in the presence of SRP, and SRP-dependent translocation across the membrane of the endoplasmic reticulum and signal peptidase cleavage were observed in the presence of salt-extracted microsomes. Photolysis of elongation-arrested ribosomes resulted in several light-and EANB-Lys-tRNAdependent crosslinks. By using antibodies specific for each of the proteins, one covalent complex was shown to be a photocrosslink between the preprolactin nascent chain and the 54-kDa protein subunit of SRP. This demonstrates that the N-terminal end of a secretory protein is located adjacent to the SRP in elongation-arrested ribosomes and strongly suggests that the signal sequence is recognized by and binds to the 54-kDa subunit of SRP. The other photocrosslinks involve as-yet-unidentified proteins in the large ribosomal subunit, indicating that this method of incorporating probes provides a powerful approach to examining the environment and interactions of the nascent chain during translation and translocation across the membrane of the endoplasmic reticulum. The Lys-tRNA analog also successfully photoaffinity-labeled the Escherichia coli elongation factor Tu (EF-Tu) in the EANBLys-tRNA EF-Tu GTP ternary complex.
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Protein transport across the membrane of the endoplasmic reticulum, a process complex both in its selectivity and in a mechanical sense, is accomplished by an ordered sequence of interactions that involves both cytoplasmic and membranebound multicomponent complexes of macromolecules (1) . The critical component in terms of both selectivity and the linking of the initially cytoplasmic structures to the membrane is the signal recognition particle (SRP). SRP appears to function by associating with the signal sequence as it emerges from the translating cytoplasmic ribosome (2) . Upon formation of this complex, protein chain elongation is temporarily halted (3) until the SRP-nascent chain-ribosome-mRNA complex interacts with the SRP receptor or "docking protein," an integral part of the endoplasmic reticulum membrane. The direct interaction between the SRP and the SRP receptor elicits the release of the elongation arrest, the initiation of protein translocation across the membrane (4, 5) , and the release of SRP from the ribosomal complex (6) . However, the specific molecular mechanisms by which SRP identifies polypeptides destined for transport and then facilitates that process remain, for the most part, to be elucidated.
When signal sequences that are rich in leucine are synthesized in the presence of an amino acid analog, ,Bhydroxyleucine, the interactions between the signal sequences and the SRP are abolished (2, 3, 7) . This result suggests that the SRP recognizes and binds directly to the signal sequence, but it is conceivable that the change in the signal sequence structure allosterically alters the SRP interaction with the ribosomal complex. Therefore, knowledge of the relative location of the SRP and the signal sequence would be very useful. If the nascent chain were found to be positioned next to the SRP in the SRP-ribosomal complex, then that would provide evidence for an interaction between SRP and the signal sequence.
The most direct way to identify the macromolecules that are located adjacent to the nascent chain is to determine which molecules can be covalently linked to the nascent chain. To do this most efficiently, one needs to incorporate a chemically or photochemically reactive probe into the nascent chain by using the normal protein synthesis machinery and a functional analog of an aminoacyl-tRNA that has the probe covalently attached to the side chain of the amino acid. Several years ago, we demonstrated that Lys-tRNA could be chemically modified to place a moiety on the side-chain amino group and that the resultant amino acid analog was incorporated into complete globin chains in a reticulocyte lysate (8) . A chemically reactive species of this class of analogs, NV-bromoacetyl-Lys-tRNA has since been used successfully to affinity-label ribosomes (9) , the prokaryotic elongation factor Tu (EF-Tu) (10) , and the corresponding eukaryotic elongation factor (EF-la) (11) .
In this paper, we report the preparation of a functional photoreactive analog of Lys-tRNA and its use as a photoaffinity-labeling probe of the nascent chain interaction with SRP. The discovery of specific photocrosslinks between the nascent chain and proteins associated with both SRP and the large ribosomal subunit confirms that this approach provides an excellent opportunity to examine protein synthesis and secretion from the point of view of the nascent chain.
METHODS
Transfer RNA. Yeast tRNA (Plenum, Hackensack, NJ) was aminoacylated with [3H]lysine as described (10, 11) . Modification of the Lys-tRNA was carried out in a darkroom illuminated with a sodium vapor lamp equipped with UV cutoff filters. All subsequent procedures, such as the translation incubations, which involved the photoreactive LystRNA prior to photolysis, were also done in the darkroom. The N-hydroxysuccinimide ester of 5-azido-2-nitrobenzoic acid (8.8 mg; Pierce) dissolved in 1.75 ml of dimethyl Abbreviations: EANB-Lys-tRNA, NE-(5-azido-2-nitrobenzoyl)-LystRNA; SRP, signal recognition particle; EF-Tu, elongation factor Tu; KRM, salt-extracted microsomal membranes; CTAB, cetyltrimethylammonium bromide.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 15 pl of 4 M HOAc was added, followed by 2.5 ml of 2.0 M KOAc (pH 5.0) and 15 ml of cold ethanol. The modified Lys-tRNA was purified by using a benzoylated DEAE-cellulose (Boehringer Mannheim) column: the material that was eluted in buffer A (1.0 M NaCl/0.01 M NaOAc, pH 4.5/0.01 M MgCl2) was discarded, and the material that was eluted in buffer A containing 25% (vol/vol) ethanol was designated EANB-LystRNA. (Unacylated tRNA that required ethanol for elution was removed prior to aminoacylation.) After concentration and dialysis into 1 mM KOAc (pH 5.0), the EANB-Lys-tRNA was stored at -80'C in the dark. The extent of modification of Lys-tRNA was determined by using paper electrophoresis at pH 3.6 for 150 min at 28 V/cm (8) .
Translation Components. Wheat germ extract was prepared as described (12) except that the material was chromatographed twice over Sephadex G-25 to minimize the free lysine present and was stored at pH 7.5 in 40 mM Hepes/100 mM KOAc/5 mM Mg(OAc)2/2 mM glutathione/0.1 mM EGTA. Microsomal membranes, salt-extracted microsomal membranes (KRM), and SRP were prepared as detailed elsewhere (13) (14) (15) . A plasmid, pSPBP4, was constructed by inserting a 950-base-pair (bp) Nco I/Pst I fragment that codes for preprolactin (derived from pBPRL72; see ref. 16 ) into the pSP64T vector (17) . The Bgl II site of pSP64T was converted to a Nco I site prior to insertion of the preprolactin fragment by using an Nco I linker ACCATGGT so that the AUG codon could be restored in optimal context for translational initiation (18) . The preprolactin vector was linearized using Pst I endonuclease, and preprolactin mRNA was transcribed as described (19) except that the GTP concentration was raised to 0.5 mM after 90 min to ensure completion of all transcripts. Immunoprecipitations. CTAB pellets from 100-,ul translation incubations were dissolved in 50 p.l of 3% NaDodSO4/ 100 mM Tris base at 650C for 30-60 min. The samples were boiled for 5 min and then adjusted to contain 20 mM Tris HCl, 150 mM NaCl, 0.2% NaDodSO4, and 1.0% (vol/vol) Triton X-100. After the pH was adjusted to 7.0-7.5, antiserum or immunoselected IgG (typically 7.5 jig) was added. After an overnight incubation at 40C, the antibody-antigen complexes were recovered by adsorption for 2 hr at 220C to protein A-Sepharose.
RESULTS
Preparation of eANB-Lys-tRNA. The method for attaching a small probe, covalently and selectively, to the lysine e-amino group of Lys-tRNA has been described (8, 9) . The same approach was taken to prepare a Lys-tRNA analog with a photoreactive moiety on the lysine side chain. However, dimethyl sulfoxide was used in the reaction solvent to accommodate the increased nonpolarity of the aromatic succinimide ester. Under the given conditions, the extent of labeling at the E-amino group was high (usually >95%), while the extent of labeling of the a-amino group was low (usually <15%). In general, the recovery of aminoacyl-tRNA specific activity (pmol of lysine per A260 unit) exceeded 80% despite the exposure to high pH, and >75% of the total aminoacylated tRNA was EANB-Lys-tRNA.
Unmodified Lys-tRNA will compete with EANB-LystRNA for incorporation into protein and thereby complicate experiments to test the activity of the analog, whereas unacylated tRNA at high concentrations inhibits translation. Consequently, chromatography over benzoylated DEAEcellulose was used to remove most of the Lys-tRNA ( Fig. 1) and 50-75% of the unacylated tRNA. Separation of the eANB-Lys-tRNA from either aANB-Lys-tRNA or a,E-(ANB)2-Lys-tRNA was not essential because the only photoreactive moieties that will be incorporated into a nascent chain will be the EANB-lysines.
Interaction of EANB-Lys-tRNA with EF-Tu. To ensure that the photoreactive azido group survived the various preparative procedures and that the e-modified Lys-tRNA was functionally active, we examined its ability to photoaffinitylabel Escherichia coli EF-Tu. The rate of aminoacyl bond hydrolysis of EANB-Lys-tRNA was reduced in the presence of both EF-Tu and GTP ( Table 1 ), demonstrating that the aminoacyl-tRNA formed a ternary complex with EFTu-GTP. Upon photolysis, typically 9-12% of the eANBLys-tRNA was crosslinked to EF-Tu-GTP, and this covalent reaction required ternary complex formation (Table 1) . Thus, EANB-Lys-tRNA is functionally and photochemically intact, and it successfully photoaffinity-labels EF-Tu. (8, 9) , the radioactivity at +3 to +5 cm is a,E-(ANB)2-Lys, while that at the origin is still covalently attached to tRNA. Lysine and N6-acetyllysine (EAcLys) marker locations were visualized by using ninhydrin.
Cell At high concentrations, EF-Tu GDP associates with aminoacyl-tRNA (22, 23) , and the relatively high extent of covalent reaction with EF-Tu observed in the absence of pyruvate kinase or phosphoenolpyruvate (Table 1) was probably caused by photocrosslinking in eANB-LystRNA-EF-Tu-GDP ternary complexes.
Incorporation of Lysine Analog into Protein. A translation system was programmed with a mRNA that was prepared by in vitro transcription of a plasmid encoding preprolactin. The ribosomes accepted eANB-Lys-tRNA as a substrate, and the amino acid analog was incorporated into complete preprolactin chains (Fig. 2, lane 1) . These chains were translocated and correctly processed into prolactin in the presence of SRP and KRM (Fig. 2, lane 3) . Equally important, elongation was arrested in the presence of SRP (Fig. 2, lane 2) . Thus, the presence of the modified lysine residues in the nascent chain does not prevent the signal sequence-dependent and SRPmediated arrest of protein synthesis. Salt-extracted membranes in the absence of added SRP were diminished in their translocation activity (Fig. 2, lane 4) Fig. 3 A and  B) without greatly affecting the recovery of arrested fragments (compare lanes 3 and 4 in Fig. 3 A and B) and thereby reduced the background considerably.
When samples that contained EANB-Lys-tRNA were photolyzed, new radioactive species were formed, both in the presence (compare lanes 3 and 4 in Fig. 3B ) and in the absence (compare lanes 1 and 2 in Fig. 3B ) of SRP. These new bands on the gel presumably resulted from the covalent crosslinking of radioactive nascent chains to proteins present in the ribosomal or ribosome-SRP complexes. In contrast, there 1 by PAGE in NaDodSO4 using 10-15% gradient gels (2, 14) . The tritium-labeled translation products were visualized by fluorography. pPL, preprolactin; PL, prolactin.
was no difference in the irradiated and nonirradiated translation incubations that contained unmodified Lys-tRNA (Fig.  3C) . Thus In the absence of SRP, many new radioactive species were found in the gel following photolysis (Fig. 3B, lane 2) . These photoadducts were heterogeneous in terms of their nascent chain content because SRP was not present to arrest elongation. Also, in the longer preprolactin nascent chains, photoreactive lysine analogs were located at positions other than in the signal sequence and, therefore, were exposed to different crosslinking targets.
Sedimentation Analysis. To identify the source of the Prior to PAGE in NaDodSO4, samples (15 1A in A and 25 pI in B and C) were precipitated by the addition of either trichloroacetic acid (A) or CTAB (B and C). Fluorographs of the 10-20o gradient gels are shown. Molecular sizes are shown in kDa, and the locations of the 62-kDa, 49-kDa (this usually appears as a doublet), and 46-kDa photocrosslinked species are indicated. AF, arrested fragment. §Translations have been termed "pulsed," rather than the widelyused "synchronized," because initiation events are not coincident in the incubation, and individual ribosomes will not traverse the mRNA at the same rate.
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proteins that had been crosslinked to the nascent chain, the SRP-ribosome complexes were dissociated with puromycin and high salt (24) and then sedimented to separate the SRP and the 40S and 60S ribosomal subunits from each other. The 49-kDa and 46-kDa photocrosslinked species were found to be associated with the large ribosomal subunit (fractions 11 and 12 in Fig. 4B ), while the 62-kDa photocrosslinked material sedimented at a much slower rate (fractions 2-4 in Immunoprecipitations of the gradient fractions with serum raised against prolactin showed that the 49-kDa band (as well as the 62-kDa band; see below) contained epitopes of prolactin (Fig. 4C) . Thus, the 49-kDa covalent complex appears to originate from photocrosslinking the nascent chain to a protein that cosediments with the large ribosomal subunit. The presence of the IgG heavy chain in the gels prevented detection of the 46-kDa band (Fig. 4C) . No radioactivity was found in the fractions containing the small ribosomal subunit, indicating that the nascent chain is associated with the large ribosomal subunit (cf. ref. 25) . The sedimentation rate of the material containing the 62-kDa photocrosslink was consistent with its being associated with SRP (Fig. 4) . Therefore, a photolyzed translation incubation was sedimented long enough to resolve the 11S SRP from ribosomal subunits and peptidyl-tRNA. The 62-kDa material was found to sediment at the same rate as purified SRP (Fig. 5) . Hence, the radioactively labeled and photoreactive nascent chain appears to react covalently with a component of SRP to form a 62-kDa covalent adduct.
Two minor, higher molecular mass species were also immunoprecipitated with anti-prolactin (Fig. 4C) Immunoselected antibodies to prolactin and to the 54-kDa and 68-kDa polypeptides of SRP (aPL, a54, and a68, respectively) were prepared as described (26) . A fluorograph of a 10-20% gradient gel is shown. The IgG heavy chains again interfered with the detection of the 46-and 49-kDa photoadducts. modified lysine was effected by SRP after about 70 amino acids had been polymerized. This placed probes at positions 4 and 9 of preprolactin, the only lysine locations in the first 70 amino acids of preprolactin (16) . While positively charged amino acids are one of the few consensus features of signal sequences, we have demonstrated that replacement of these lysines by neutral or even negatively charged amino acids did not affect either proper signal sequence recognition by SRP or translocation (P. Garcia, M. Inouye, and P.W., unpublished data). Also, a few eukaryotic signal sequences do not have positively charged amino acids at their amino terminus. Therefore, it is likely that the alteration of the signal sequence introduced by the incorporation of the EANB-Lys residues (which lack a positive charge) does not significantly perturb its physiologically relevant interactions (see Fig. 2 ).
Upon photolysis, the photoreactive preprolactin signal sequence formed covalent crosslinks with specific proteins of the SRP-ribosome-nascent chain-mRNA complex (Figs.  3-6) . One of these photoadducts was immunoprecipitated with antibodies both to prolactin and to the 54-kDa polypeptide of SRP (Fig. 6) . Therefore, we conclude that a lysine in the signal sequence (residues 4 and/or 9) is adjacent to the 54-kDa SRP subunit in the arrested complex. The specific photocrosslinking of the 54-kDa subunit also strongly suggests that the signal sequence at the N-terminal end of nascent chains is recognized by and binds to the 54-kDa protein of the SRP. We have demonstrated previously that the 54-kDa protein is part of an SRP domain that contains the signal-recognition function (14) .
The photocrosslinking of the preprolactin nascent chain to proteins in the large ribosomal subunit is probably also mediated by eANB-lysines at positions 4 and/or 9. However, since the carboxyl terminus of the arrested fragment has not been determined precisely and may be heterogeneous, it is possible that EANB-lysines incorporated at positions 72 and/or 78 (16) may generate or contribute to the photocrosslinks observed with ribosomal proteins (46 and 49 kDa in Fig.   4 ).
It is important to note that the methods detailed in this report provide a very powerful approach to investigating the interactions and environment of the nascent chain before, during, and after its translocation through the endoplasmic reticulum membrane. This is evidenced by the successful photoaffinity labeling both of SRP (Figs. 3-6 ) and of specific, as yet unidentified, proteins in the ribosomal 60S subunit (Fig. 4) . We also have incorporated successfully a large fluorescent probe, Ne-fluoresceinthioacetyllysine, into complete globin chains in a reticulocyte lysate (S. K. Shore and A.E.J., unpublished data). This provides us with the opportunity to examine several points along the nascent chain with complementary techniques; the correlation of spectroscopic data with crosslinking data should be particularly useful.
